Abstract Aims/hypothesis: IL-1β released from immune cells induces beta cell pro-apoptotic signalling via mitogen-activated protein kinases (MAPKs) and nuclear factor-κB (NF-κB). In neurons, the neural cell adhesion molecule (NCAM) signals to several elements involved in IL-1β-induced pro-apoptotic signalling in beta cells. Pancreatic beta cells express NCAM, but its biological effects in these cells are unclear. The aim of this study was to investigate whether there is cross-talk between NCAM signalling and cytokine-induced pro-apoptotic signalling. Materials and methods: Western blotting was used to investigate levels of NCAM and inducible nitric oxide synthase, phosphorylation of Src and MAPKs, and cleavage of caspase-3. MAPK activity was investigated with an in vitro kinase assay. Apoptosis was detected by cleaved caspase-3 and a Cell Death Detection ELISA plus assay. NCAM-induced fibroblast growth factor receptor (FGFR) activation was investigated in NCAM −/− Trex293 cells where FGFR phosphorylation was measured by Western blotting after NCAM transfection. Results: Preexposure of INS-1E cells to the FGFR-inhibitor SU5402, but not to the Src-inhibitor PP2, dose-dependently inhibited IL-1β-mediated MAPK activity. A synthetic peptide, C3d, reported to bind NCAM, did not activate MAPK or Akt as reported in neurons but inhibited IL-1β-induced MAPK activity, thereby mimicking the effect of SU5402. Furthermore, C3d inhibited NCAM-induced FGFR phosphorylation and apoptosis induced by IL-1β plus IFN-γ, but did not affect IL-1β-induced NF-κB signalling. Conclusions/interpretation: We suggest that NCAM signalling through FGFR is required for efficient IL-1β pro-apoptotic signalling by facilitating IL-1β-induced MAPK activation downstream of the NF-κB-MAPK branching point. Further, these data identify a novel function of C3d as an inhibitor of NCAM-induced FGFR activity and of IL-1β-induced MAPK activation in beta cells.
Introduction
IL-1β in combination with IFN-γ and/or TNF-α is cytotoxic to beta cells and believed to play an important role in the beta cell destruction that leads to type 1 diabetes [1, 2] . The predominant mode of destruction caused by these cytokines in human primary beta cells is apoptosis [3, 4] . The pro-apoptotic signalling pathways induced by IL-1β involve the family of mitogen-activated protein kinases (MAPK) as well as the nuclear factor-κB (NF-κB) and protein kinase C (PKC) pathways [2] . The MAPK family consists of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK (p38), all of which are activated after phosphorylation by IL-1β in beta cells [5] . JNK especially is in focus because inhibition of this MAPK blocks IL-1β-mediated beta cell death in vitro [6] .
In neurons, which share several phenotypic characteristics with beta cells [7] , the neural cell adhesion molecule (NCAM) has been studied intensively [8] . NCAMmediated adhesion plays a critical role in the nervous system during development, neurite outgrowth, neuronal differentiation, and plasticity [9, 10] . Alternative splicing results in three isoforms: one linked to the cell membrane via a glycosylphosphatidylinositol anchor of 120 kDa and two transmembrane isoforms of 140 kDa and 180 kDa. The precise functions of the three isoforms are not completely understood [11] .
In addition to its role in cell adhesion, NCAM elicits intracellular signalling after homo-or heterophilic interaction. Structural evidence suggests that NCAM molecules form cis dimers in the cell membrane and these cis dimers mediate trans interactions between cells via formation of two-dimensional zippers [12, 13] . In neurons the extracellular part of NCAM has been shown to bind and mediate phosphorylation/activation of the fibroblast growth factor receptor (FGFR) [14, 15] . This initiates signalling downstream FGFR leading to activation of PKC and an increase in the intracellular concentrations of arachidonic acid and Ca 2+ [16] . In addition, the intracellular part of NCAM mediates the activation of NF-κB [17] and of Akt via phosphatidylinositol 3-kinase (PI3K) [18] . The NCAM-140 isoform further interacts with the Src-homology kinase Fyn leading to Fak-recruitment and activation of the RasRaf-MEK-ERK pathway [19] . By means of combinatorial chemistry, a synthetic peptide termed C3d has been shown to bind NCAM [20] . C3d disrupts NCAM-mediated cell adhesion in vitro and induces intracellular signalling and responses similar to that activated by homophilic NCAM binding in neurons [21] [22] [23] [24] . C3d has recently been reported to protect neurons against apoptosis via PI3K and Akt activation [18] .
Transformed beta cell lines have been reported to express mainly NCAM-140 and in some studies also NCAM-180 though to a minor degree [7, [25] [26] [27] [28] [29] . It is unclear which NCAM isoforms are expressed in primary beta cells. In some studies mainly the NCAM-140 isoform is reported [7, 25, 28, 29] whereas others report that mainly NCAM-120 is expressed in adult islets and expression of NCAM-140 is found only during development and in tumours [26, 27] . In beta cells, NCAM has been suggested to be involved in the organisation of biosociology in the islets of Langerhans [26] , in beta cell functional activity measured as insulin release [30] , and also in natural killer T cell-induced beta cell death [31] . Furthermore, in mouse pancreatic tumour beta cells, NCAM has been shown to activate a Src-kinase and to bind and activate FGFR [32] .
The effect of NCAM signalling on IL-1β-induced MAPK signalling and apoptosis in beta cells has not been investigated previously. Since several of the abovementioned components activated by NCAM signalling in neurons are involved in cytokine-induced apoptosis in beta cells (i.e. p38 [33] , ERK [34] , Ca 2+ [35] , arachidonic acid [36] , PKC [37] , NF-κB [38] and Akt [39] ), we examined whether there is cross-talk between NCAM signalling and IL-1β-induced pro-apoptotic signalling via MAPK in beta cells. We report that NCAM/FGFR signalling facilitates IL-1β-induced MAPK activity in the beta cell line INS-1E and in intact islets. By inhibiting NCAM-mediated FGFR signalling we were further able to inhibit apoptosis induced by IL-1β plus IFN-γ in INS cells.
Materials and methods

Reagents
Recombinant mouse IL-1β was obtained from BD Bioscience PharMingen (San Diego, CA, USA), and recombinant rat IFN-γ and recombinant human fibroblast growth factor (FGF)1 were supplied by R&D Systems (Minneapolis, MN, USA).
FGFR1 inhibitor SU5402 (IC 50 =10-20 μmol/l) and Src inhibitor PP2 (IC 50 =5 nmol/l) were purchased from Merck KGaA (Darmstadt, Germany).
C3d, a dendrimer of four peptide monomers (ASKKPKRNIKA) coupled to a lysine backbone, and two mutated C3d peptides-C3d 2ala (ASKKPAANIKA) and C3d 3ala (ASKAPAANIKA)-were produced and characterised as described previously [20] . The stated concentrations of peptides represent the concentrations of the peptide monomers (i.e. four times higher than the concentration of the dendrimeric peptides).
Antibodies to phospho-SAPK/JNK; total-SAPK/JNK; phospho-MAPK p42/44 (ERK); total MAPK p42/44; phospho p38; total p38; phospho-Src family (Tyr416); cleaved caspase-3 (Asp175); and phospho Akt (Ser473) were obtained from Cell Signaling (Cambridge, MA, USA), and raised in rabbits. Agarose-coupled antiphosphotyrosine antibodies (4G10-AC) were from Upstate Biotechnologies (Lake Placid, NY, USA). Rabbit antibodies against the recombinant StrepII tag were from IBA Biotech (Gottingen, Germany). Horseradish peroxidase (HRP)-conjugated Anti-Tubulin was supplied by Santa Cruz Biotechnology (San Francisco, CA, USA). Anti-NCAM was obtained as described elsewhere [40] . Antiinhibitor-κBα (IκBα) was from Active Motif (San Francisco, CA, USA) and was raised in mouse. Antiinducible nitric oxide synthase (iNOS) was from BD Bioscience and was raised in rabbit. As secondary antibodies, HRP-anti-rabbit was purchased from Cell Signaling, HRP-anti-Mouse was from Oncogene (Cambridge, MA, USA), and swine HRP-anti-rabbit was obtained from DakoCytomation (Glostrup, Denmark).
Rat islet isolation and pre-culture Rat islet isolation and pre-culture were performed as described previously [5] . Pancreata from 5-to 7-day-old Wistar Furth rats (Taconic, Rye, Denmark) were collagenase-digested and islets were isolated. One hundred and fifty islets were pre-cultured for 5-7 days at 37°C in humidified air in complete RPMI-1640 medium (RPMI-1640 with glutamax [Invitrogen, Carlsbad, CA, USA], 50 μmol/l β-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin), supplemented with 10% FCS.
Neurons
Hippocampal neurons were isolated from Wistar rat foetuses (Charles River, Sulzfeld, Germany) at embryonic days 18-19 as described elsewhere [24] . After isolation, neurons were cultured on poly-L-lysine-coated dishes for 24 h at 37°C in a humidified atmosphere of 5% CO 2 in neurobasal medium containing B27 supplement (all from Invitrogen).
Insulinoma cell culture
All experiments with clonal rat beta cells were performed with INS-1E except for that illustrated in Fig. 9a , which was performed with INS-1. Both INS sub-clones were cultured in complete RPMI-1640 medium supplemented with 10% FCS, at 37°C in a humidified atmosphere containing 5% CO 2 . When confluent, cells were trypsinised and seeded for culture and experiments. In experiments with low serum concentrations (0.5%), cells were seeded in medium with 10% serum and allowed to adhere overnight before the medium was changed to medium containing 0.5% serum and then left overnight again before stimulation.
Islet, neuron and INS-1 cell lysis and measurement of protein concentration After exposure, cells were lysed for 30 min as described by Larsen et al. [5] . The protein concentrations were measured by the Bradford method according to the manufacturer's instructions (BioRad, Hercules, CA, USA).
In vitro kinase assay
In vitro kinase assay was performed as described previously [5] . Whole-cell lysates were incubated with a reaction buffer containing glutathione-S-transferase (GST)-Elk1, GST-c-Jun, and GST-heat-shock protein (Hsp)25 (substrates for ERK, JNK, and the p38-activated kinase MAPKAPKII, respectively) and [γ- 32 P]ATP for 30 min at 30°C. NuPAGE was performed as described by the manufacturer (Invitrogen), the gels were dried and placed on a storage phosphor screen. 32 P-labelled proteins were visualised by autoradiography and quantified by PhosphorImager analysis (Amersham Pharmacia, San Francisco, CA, USA) according to the manufacturer's instructions.
Western blotting
Western Blotting was performed as described by the manufacturer (Invitrogen). The protein of interest was detected by a chemiluminescence detection system (Lumi-GLO; Cell Signaling) and visualised using an imaging system (Las3000; Fuji Film, Tokyo, Japan) according to the manufacturer's instructions. For detection of NCAM a modified protocol was used: after electroblotting, membranes were blocked in 2% Tween-20 in PBS for 4 min and washed once in washing buffer (0.05 mol/l Tris-HCl, 1.5 mol/l NaCl, and 0.5% Tween-20; pH 10.2) for 5 min before NCAM antibody diluted in washing buffer was added overnight. Membranes were then washed for 5 min three times in washing buffer, secondary HRP-conjugated antibody was added, and proteins were visualised by chemiluminescence.
Luciferase reporter assay
Transient transfection with plasmid DNAs (pRenilla 0.1 μg/well [Promega, Madison, WI, USA] and pNF-κBluc 0.4 μg/well [BD Bioscience]) was performed with lipofectamine as described by the manufacturer (Invitrogen). One day after transfection, cells were stimulated and lysed (Promega) before the luciferase activity was assayed as a measure of NF-κB promoter activity with the Dual-Luciferase Reporter Assay System (Promega) using a Luminometer (Berthold Technologies, Bad Wildbad, Germany), according to the manufacturer's instructions. NF-κB promoter activity was normalised to the activity of coexpressed Renilla luciferase.
Cell death detection ELISA PLUS assay
Histone/DNA complexes released from the nucleus to the cytoplasm were measured according to the manufacturer's instructions (Roche, Basel, Switzerland). In short, cells were lysed and incubated with anti-DNA-peroxidase and anti-histone-biotin and transferred to streptavidin-coated wells. After addition of peroxidase substrate (ABTS), the absorbance was measured.
Determination of phosphorylation of FGFR1
Trex293 cells (Invitrogen) were stably transfected with human FGFR1, splice variant IIIc, with a C-terminal Strep II tag (IBA Biotech). The cells were maintained in Dulbecco's modified Eagle's medium with 200 μg/ml hygromycin (Invitrogen), 10% FCS, 1% glutamax, 100 U/ml penicillin, 100 μg/ml streptomycin (all from Gibco BRL, Paisley, UK). Cells were starved overnight in medium without serum before being treated with C3d. Cells were lysed in lysis buffer containing 1% Nonidet P-40 (SigmaAldrich, Copenhagen, Denmark), complete protease inhibitors (Roche) (1:50), phosphatase inhibitors (Calbiochem inhibitor cocktail III) (1:100) in PBS. Protein concentration was determined using the bicinchoninic acid assay (Pierce, Rockville, IL, USA). From each lysate 500 μg protein was incubated with 15 μl agarose-coupled anti-phosphotyrosine antibodies for 6 h at 4°C. The bound proteins were washed and eluted with 180 mmol/l phenylphosphate (Sigma-Aldrich). Purified proteins (25 μl from each sample) were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). Immunoblotting was performed using antibodies against the recombinant StrepII tag (IBA Biotech), developed with SuperSignal West Dura extended duration substrate (Pierce), and visualised and quantified using the SynGene Gene Tool image analysis software (Synoptics, Cambridge, UK).
Transfection of Trex293 cells with NCAM-140
Trex293 cells were transfected with the pcDNA3.1 vector (Invitrogen) with an insert coding for rat NCAM-140 using Targetfect F2 reagent (Targetsys, San Diego, CA, USA) according to manufacturer's procedure.
Statistical analysis
Results are presented as means±SEM. Western blot quantifications were adjusted for loading variations measured by blotting against tubulin. Where appropriate, statistical significances were determined by the Student's paired t test with p<0.05 as the level of significance.
Results
INS-1E cells and rat islets express NCAM-140
and the NCAM binding peptide, C3d, activates NCAM signalling NCAM expression in INS-1E cells and in rat islets was investigated by Western blotting. Freshly prepared rat brain extracts were used as control tissue expressing all three NCAM isoforms. We found that INS-1E cells and islets from neonatal rats expressed NCAM-140 (Fig. 1a) . NCAM signals through a Src kinase in both neurons and beta cells [32, 41] . In neurons the NCAM-binding peptide C3d activates NCAM signalling [20] and we wished to examine in beta cells the effect of C3d on Src kinase activity. As seen in Fig. 1b , we found that exposure to C3d increased the phosphorylation of a Src kinase suggesting that C3d is also an agonist of NCAM signalling in beta cells.
Inhibition of FGFR, but not the Src family of tyrosine kinases, decreases IL-1β-induced activity of the MAPKs
We investigated the effect of two different inhibitors of NCAM/FGFR signalling: SU5402, an inhibitor of FGFR, and PP2, an inhibitor of the Src family of tyrosine kinases. INS-1E cells were pre-exposed to PP2 or SU5402 before exposure to IL-1β and then analysed for MAPK activities. IL-1β-induced phosphorylation of the MAPK substrates Elk-1 (ERK), c-Jun (JNK), and Hsp25 (p38) was not affected by PP2 (Fig. 2a-c) . In contrast, SU5402 dosedependently decreased IL-1β-induced phosphorylation of the substrates (Fig. 2d-f ). These findings suggest that signalling through FGFR, but not through a Src kinase, is necessary for efficient IL-1β signalling to MAPK. were subjected to western blotting using an NCAM-specific antibody. Freshly prepared lysates of adult rat brain extracts (n=2) expressing the three NCAM isoforms of 120, 140, and 180 kDa, were used as a positive control. b Cells were cultured in 0.5 or 10% serum before exposure to C3d (1 or 10 μmol/l) for 30 min. P-Src was assessed by western blotting, n=6. Anti-tubulin was used as a loading control. *p<0.05
C3d does not activate MAPK or Akt, but inhibits IL-1β-mediated MAPK activity/phosphorylation in beta cells
To investigate in beta cells the effects of C3d on Akt and MAPK activities/phosphorylation and whether C3d modulated IL-1β signalling, we pre-exposed cells to C3d before exposure to IL-1β and measured Akt phosphorylation and MAPK activities. In contrast to findings in neurons, C3d had no agonistic effect on either Akt phosphorylation (Fig. 3a) or MAPK activities ( Fig. 3b-d ) in INS-1E cells. Interestingly, C3d inhibited IL-1β-mediated MAPK activation in INS-1E cells ( Fig. 3b-d ) and phosphorylation in islets ( Fig. 3e-g ). This indicates that C3d affects NCAM signalling differently in beta cells compared to neurons. As the SU5402 inhibitor, C3d had a negative effect on IL-1β-induced MAPK activities in INS-1E cells and MAPK phosphorylation in islets, suggesting that C3d is an antagonist of NCAM-mediated FGFR but not of Src signalling in beta cells. We next wished to investigate whether the non-agonistic effect of C3d on ERK activity in beta cells was a consequence of that C3d being presented to NCAM after NCAM trans dimers were formed and NCAM was activated. This was investigated by adding C3d to cells seeded at low density to avoid contact with neighbouring cells and by pre-coating wells with C3d before cells were seeded. We found no agonistic effect of C3d on any of the MAPK activities, while soluble, but not pre-coated, C3d inhibited IL-1β-induced MAPK activity (data not shown). Furthermore, we investigated if C3d could enhance ERK activity at lower/higher concentrations (0.5-50 μmol/l), after different periods of exposure (15-60 min), or when added to serum-starved cells (0.5% FCS) to eliminate FGF in the medium. In none of these experiments was there an agonistic effect of C3d on MAPK activities (data not shown). Together these findings support the theory that C3d does not activate MAPK via NCAM in INS-1E cells and that the inhibitory effect of C3d on IL-1β signalling may be caused by its interaction with active NCAM dimers and thereby inhibition of NCAM-induced FGFR activation since only soluble but not matrix-bound C3d had an effect.
C3d, but not IL-1β, activates the MAPKs in neurons
To verify the agonistic effect of C3d on ERK activity in neurons and to investigate the effect of IL-1β on neuronal MAPK activities we exposed primary hippocampal neurons from rat foetuses to C3d and IL-1β. As seen in Fig. 4a-c , not only ERK activity but also p38 and JNK activities were increased by C3d whereas IL-1β had no effect. This indicates that there are cell-specific differences in the responses of neurons and beta cells to both C3d and IL-1β. C3d has no effect on Akt phosphorylation or MAPK activity/ phosphorylation in beta cells but decreases IL-1β-induced MAPK activity/phosphorylation. Cells (a-d) or rat islets (e-g) were preexposed to C3d (1, 10 or 50 μmol/l) for 30 min or SU5402 (50 μmol/l) for 1 h before exposure to IL-1β (160 pg/ml) for 20 min. P-Akt was assessed by western blotting (a), and MAPK activities were assessed by in vitro kinase assay (b-d). Bars represent means+SEM from four (a) or five (b-d) independent experiments. *p<0.05, **p<0.01. MAPK phosphorylation in islets was measured by western blotting using phospho-specific antibodies (n=2) and representative blots are shown (e-g). Anti-tubulin was used as a loading control ** *** * Fig. 4 C3d, but not IL-1β, increases MAPK activity in neurons. Neurons were pre-exposed to C3d (1 or 10 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml) for 20 min. MAPK activities were assessed by in vitro kinase assay and means+SEM of four experiments are shown. *p<0.05, **p<0.01, ***p<0.001
Exposure to FGF1 increases both basal and IL-1β-mediated ERK activity without affecting activities of JNK and p38
To address whether the observed effect of C3d on IL-1β-mediated MAPK activities is independent of NCAM and restricted to the FGFR, we exposed cells to FGF1 to see the effect of NCAM-independent activation of the FGFR on basal and IL-1β-induced MAPK activities. Serum-starved cells were pre-exposed to FGF1 for 1 h before exposure to IL-1β for 20 min. As seen in Fig. 5a , FGF1 activated ERK as expected and augmented IL-1β-mediated ERK activity with a maximum effect at 3 ng/ml. There was no effect on basal or IL-1β-mediated JNK and p38 activities (Fig. 5b,c) ,
indicating that FGFR signalling does not interact with the JNK and p38 pathways when it is activated in an NCAMindependent way.
The inhibitory effect of C3d is attenuated by ala substitutions in C3d
It has previously been reported that two or more alanine substitutions in the C3d peptide block its ability to induce neurite outgrowth and to increase intracellular Ca 2+ concentrations [20, 24] . Furthermore, the capability of C3d to induce neurite outgrowth can be blocked by inhibitors of NCAM-induced intracellular signalling nec- C3d 3ala Fig. 6 The inhibitory effect of C3d on IL-1β-induced MAPK activities is attenuated by ala substitutions. Cells were pre-exposed to C3d, C3d 2ala (a-c), or C3d 3ala (d-f) (10 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml) for 20 min. MAPK activities were assessed by in vitro kinase assay. Bars represent means+SEM from four independent experiments. *p<0.05, **p<0.01 vs IL-1β essary for NCAM-induced neurite outgrowth [20] . This indicates that the ability of the mutated peptides to induce intracellular NCAM-signalling is abolished. We investigated whether the inhibitory effect of C3d on IL-1β-induced MAPK activities was also blocked when mutations were introduced in the C3d peptide. Two mutated C3d peptides were used: one with two alanine substitutions (C3d 2ala) (Fig. 6a-c) and one with three alanine substitutions (C3d 3ala) (Fig. 6d-f) . The inhibitory effect of C3d on IL-1β-mediated MAPK activities was attenuated, when mutations were introduced in the peptide. The order of inhibitory activity was C3d 3ala < C3d 2ala < C3d. These results indicate that the observed effect of C3d on IL-1β-signalling is independent of the activation of intracellular signalling, although this cannot be formally excluded. We speculate that the binding affinities of the peptides decrease with increasing number of mutations, suggesting that the inhibitory effect of C3d on IL-1β signalling is dependent on binding to NCAM, which may antagonise NCAM-induced FGFR activation.
C3d inhibits NCAM-140-induced phosphorylation of FGFR-1 in NCAM-140-transfected Trex293 cells
To investigate the effect of C3d on NCAM-induced FGFR1 activity, we transfected Trex293 (which are not endogenously expressing NCAM) with NCAM-140 and measured phosphorylation of endogenous FGFR1. As seen in Fig. 7 , NCAM-140 expression dose-dependently induced FGFR1 phosphorylation. When C3d was added this phosphorylation was blocked, indicating that C3d did indeed inhibit NCAM-induced FGFR activity. We also investigated the effect of C3d when added to a cell system that does not express NCAM (control Trex293 cells transfected with pcDNA3.1 vector). Here, C3d induced phosphorylation of FGFR indicating that C3d in the absence of NCAM is able to activate FGFR1 either by binding to FGFR itself or another protein that is able to Trex293 cells were transfected with NCAM-140 (1 or 5 μg/ml) or control pcDNA (5 μg/ml) using Targetfect F2 reagent and exposed to C3d (10 or 50 μg/ml) for 30 min. Phosphorylation of FGFR was investigated by western blotting using a phosphospecific antibody. Bars represent means+SEM from four independent experiments. *p<0.05, **p<0.01 Fig. 8 C3d does not affect basal or IL-1β-induced IκB degradation, NF-κB activity, or iNOS production. a Cells were preexposed to C3d (10 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml), and IκB expression was assessed by western blotting after exposure to IL-1β for 5-20 min (n=4 except for C3d 50 min: n=2). b Cells transfected with an NF-κB reporter gene construct were preexposed to C3d (10 or 50 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml) for 6 h. NF-κB promoter activity was measured as luciferase activity corrected for transfection efficiency (Renilla luciferase). Bars represent means+SEM from four experiments. c iNOS expression was assessed by western blotting after pre-exposure to C3d (10 μmol/l) and exposure to IL-1β (160 pg/ ml) for 6 h. Bars represent means+SEM from four experiments. Representative blots are shown activate FGFR. However, in the presence of NCAM, C3d inhibited NCAM-induced FGFR phosphorylation.
C3d does not affect basal or IL-1β-induced IκB degradation, NF-κB activity, or iNOS expression Activated NCAM has been shown to mediate IκB degradation and activation of NF-κB in neurons [17] . We therefore wished to investigate whether C3d affected basal and IL-1β-induced NF-κB activation in INS-1E cells. The effect of C3d was examined on IκB degradation (Fig. 8a) , NF-κB activity (Fig. 8b) , and iNOS expression (Fig. 8c) . In none of these experiments was NF-κB signalling activated by C3d and further IL-1β-induced NF-κB signalling was not modulated by C3d. Taken together these findings suggest that C3d inhibits a level downstream to the branching point between NF-κB and MAPK activation in the IL-1β pathway.
C3d, but not mutated C3d peptides, inhibits apoptosis induced by IL-1β plus IFN-γ Finally, we investigated whether C3d affected apoptosis induced by IL-1β plus IFN-γ measured as caspase-3 cleavage and release of nucleosomes to the cytosol. Cells were pre-exposed to C3d, C3d 2ala, or C3d 3ala (50 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml) and IFN-γ (5 ng/ml) for 24 h. C3d had no effect on basal apoptosis but inhibited cytokine-induced caspase-3 cleavage (p<0.01) and release of nucleosomes (Fig. 9a,b) . There was no effect of the mutated C3d peptides on basal or cytokine-induced release of nucleosomes (Fig. 9c) . This indicates that C3d may have an anti-apoptotic action in beta cells and is at least partly able to reduce cytokine-induced apoptosis.
Discussion
Cytokines, in particular IL-1β, have been implicated in the elimination of beta cells leading to type 1 diabetes [1] . An important event in IL-1β signalling leading to beta cell death is the activation of the MAPKs, in particular JNK [42] . Further understanding of the molecular mechanisms controlling cytokine-mediated MAPK activation may reveal novel drug targets for the treatment of type 1 diabetes and the protection of grafted islets. In neurons, signalling via NCAM/FGFR induces activation of ERK and is anti-apoptotic via activation of PI3K and Akt [18] . In this study, we investigated whether NCAM/FGFR signalling affected IL-1β-induced signalling via the MAPKs and/ or NF-κB in beta cells using synthetic inhibitors of the FGFR1 (SU5402) and the Src-kinases (PP2) plus the synthetic NCAM binding peptide, C3d. We propose a model where NCAM-induced FGFR activity is required for cytokine-induced pro-apoptotic signalling to MAPK in beta cells. Thus, inhibition of FGFR with SU5402, but not inhibition of Src with PP2, decreased IL-1β-induced MAPK activity. In addition, IL-1β-induced MAPK activity and apoptosis were inhibited by exposure to C3d. Based on our findings that (1) C3d mimics the effect of the FGFR inhibitor SU5402 and inhibits NCAM-induced FGFR phosphorylation and (2) in experiments with ala-substituted C3d peptides and C3d pre-coating indicating that the inhibitory effect of C3d is not caused by an agonistic effect of C3d on NCAM-mediated intracellular signalling, we suggest that NCAM/NCAM interactions are interrupted when C3d binds to NCAM. As a consequence, the NCAM/ FGFR interaction is disrupted and the NCAM-induced FGFR activation and agonistic cross-talk to IL-1β proapoptotic signalling is thereby abolished (Fig. 10) .
It may be speculated that interference with NCAM may affect the intercellular relations in the islet-biosociology. However, NCAM seems to be less important for beta cell adhesion than for the adhesion of other islet endocrine Fig. 9 C3d, but not C3d 2ala or C3d 3ala, inhibits apoptosis induced by IL-1β plus IFN-γ. Cells were pre-exposed to C3d (50 μmol/l), C3d 2ala (50 μmol/l) or C3d 3ala (50 μmol/l) for 30 min before exposure to IL-1β (160 pg/ml) and IFN-γ (5 ng/ml) for 24 h. a Cleaved caspase-3 was assessed by western blotting; a representative blot is shown (n=3). b, c Cytosolic nucleosomes were detected by Cell Death Detection ELISA plus . Bars represent means+SEM from six experiments (b) or four experiments (except for mutated C3d alone: n=2) (c). *p<0.05, **p<0.01 cells. Thus, NCAM is expressed less in primary beta cells compared to alpha cells, and alpha cells but not beta cells aggregate in the absence of calcium [29] . This suggests that Ca 2+ -independent cell adhesion molecules such as NCAM are not the primary adhesion molecules in beta cells. In contrast, NCAM regulates cell type segregation during the development of the islets of Langerhans, an effect that is thought to be caused by an NCAM inhibition of cadherin clustering [26, 43] . Studies in NCAM-deficient tumour beta cells suggest that NCAM is involved in cell matrix adhesion through β 1 -integrin activation, as part of an FGFR/N-cadherin signalling complex, and loss of NCAM has been implicated in tumour metastasis [27, 32] . In summary, further studies are needed to clarify the effects of interference with the NCAM/FGFR signalling during islet isolation and transplantation.
In both neurons and beta cells, C3d activates signalling downstream of NCAM since a Src-kinase is activated in both systems but C3d does not activate MAPKs, NF-κB or Akt in beta cells. Further, C3d inhibits NCAM-induced FGFR signalling in beta cells while C3d induces neurite outgrowth in neurons, which is dependent on FGFR signalling [23] . A possible explanation for these cellspecific differences in the C3d response between beta cells and neurons might be that beta cells exclusively express NCAM-140 whereas neurons express all three isoforms. Even though the functions of the different NCAM isoforms are not fully understood, NCAM-140 seems to be the only isoform able to recruit Fak and Fyn and be involved in neurite outgrowth whereas NCAM-180 primarily acts as a stabilising link between the cytoskeleton and the cell membrane [19, 44] . Since the functions of the three NCAM isoforms are different it is most likely that the function of C3d is dependent on the combination of NCAM isoforms that is expressed by the cells.
Our observation that C3d activates FGFR phosphorylation in the absence of NCAM suggests that C3d is able to bind and activate the FGFR1 directly or via proteins other than NCAM. Further studies are needed to identify new targets of C3d but obvious candidates are the other members of the immunoglobulin superfamily, especially L1-cell adhesion molecule. However, it should be emphasised that C3d does not activate phosphorylation of FGFR when NCAM is present, suggesting that C3d has much higher affinity towards NCAM than to another target.
What are the molecular mechanisms by which NCAM/ FGFR signalling affects IL-1β signalling? In analogy to the effects of NCAM/FGFR signalling in neurons, an increase in the intracellular Ca 2+ concentration could facilitate IL-1β signalling to the MAPKs in beta cells. Inhibition of Ca 2+ influx has previously been shown to protect against cytokine-induced beta cell apoptosis, indicating that Ca 2+ plays a role in cytokine signalling [35, [45] [46] [47] . Further establishing Ca 2+ as the link is our observation that Ca
2+
does not seem to be involved in IL-1β-induced NF-κB activation [47] in accordance with the lack of effect of C3d on IL-1β-induced NF-κB activation. Further studies are needed to examine this hypothesis.
In conclusion, this study suggests that IL-1β-induced pro-apoptotic MAPK activation in beta cells requires NCAM/FGFR signalling. A novel role of C3d as an inhibitor of NCAM-induced FGFR phosphorylation is proposed and C3d was found to inhibit IL-1β-induced MAPK activity and apoptosis. Taken together, these results are novel in describing how IL-1β pro-apoptotic signalling in beta cells can be modified by adhesion molecule signalling and can provide new potential targets for the development of treatments for type 1 diabetes and islet graft failure.
